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Abstract 
A thermal energy storage (TES) system was designed based on a packed bed of rocks as storing material and air as heat transfer 
fluid. A pilot-scale 6.5 MWhth TES unit was built and tested. A dynamic numerical heat transfer and fluid flow model was 
developed and experimentally validated with measurements obtained from the pilot-scale TES unit. The simulation model is 
applied to design an industrial-scale 100 MWhth TES unit for a solar power plant currently under construction in Morocco. 
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1. Introduction 
In a previous paper [1] we described the design, modeling, fabrication, and testing of a pilot-scale thermal energy 
storage (TES) system for concentrated solar power (CSP) applications. The concept is based on a packed bed of 
rocks as storage material and air as heat transfer fluid. A dynamic numerical heat-transfer and fluid-flow model was 
formulated for separate fluid and solid phases. For both phases, variable thermo-physical properties were 
implemented to accurately describe the real behavior of the system. The numerical model was then validated with 
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experimental results obtained from the pilot-scale TES system. In this paper, we apply the validated model to design 
an industrial-scale 100 MWhth TES unit for a CSP plant currently under construction in Ait Baha, Morocco. 
 
Nomenclature   
A  Surface area [m2] 
C  Circumference  [m] 
pd  Sphere equivalent diameter of rocks [m] 
E  Energy [J] 
f  Fraction of energy flow [-] 
G  Mass flow per unit cross section [kg/sm2] 
h  Specific enthalpy [J/kg] 
vh  Volumetric convective heat transfer coefficient [W/m3K] 
H  Height of packed bed [m] 
k  Thermal conductivity [W/mK] 
m  Mass flow rate [kg/s] 
p  Pressure [Pa] 
r  Radius [m] 
t  Time [s] 
T  Temperature [K] or [°C] 
u  Specific internal energy [J/kg] 
U  Overall heat transfer coefficient [W/m2K] 
z  Axial coordinate [m] 
   
 Greek letters  
H  Void fraction [-] 
K  Efficiency [-] 
P  Dynamic viscosity [kg/ms] 
U  Density [kg/m3]  
\  Sphericity [-] 
   
 Subscripts  f  Surrounding  
eff  Effective  
f  Fluid  
s  Solid  
th Thermal  
   
 Acronyms  
TES Thermal Energy Storage  
CSP Concentrated Solar Power  
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2. Pilot-scale TES 
The pilot-scale TES design is shown schematically in Fig. 1. It has a dodecagon cross section, a total height of 4 m, 
and a radius of the inscribed circle that decreases from 2 m at the top to 1.25 m at the bottom at a wall inclination of 
12°. The truncated cone shape exploits the effect of lateral earth pressure at higher load bearing and reduces the 
normal force on the walls during thermal expansion of the rocks by guiding them upwards [2]. The tank is immersed 
in the ground and its walls are made of concrete for avoiding deformation caused by thermal expansion of the 
storing material. The 12 lateral wall segments consist of a 15-mm layer of ultra-high performance concrete on the 
packed bed side with high mechanical stability and thermal conductivity and a 235-mm layer of low density 
concrete with low thermal conductivity in order to reduce the thermal losses. The tank is filled to the height of 2.9 m 
with pebbles with an equivalent sphere diameter of 2-3 cm. The average bulk void fraction was experimentally 
measured to be 0.342. A 400 mm Foamglas® insulation is packed under the lid. The hot air enters through the inlet 
pipe from the top, flows through the packed bed, and is collected at the bottom after flowing across a metal grid 
perforated with 10 mm-dia. holes every 30 mm, which prevents congestion of the outlet pipe by the rocks and debris 
while ensuring low resistance to the flow. Charging from the top allows exploiting the buoyancy effect to create and 
maintain thermal stratification inside the packed bed, the hottest region being at the top. During discharging, the 
direction of the flow is reversed as cold air is circulated through the tank from the bottom. 
 
3. Heat-transfer model 
Governing equations — The detailed description of the heat transfer model is given in Ref. [1]. Here, the main 
features are briefly highlighted. The 1D unsteady energy conservation applied to the fluid and solid phases yields, 
respectively:  
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Fig. 1. a) Scheme and b) photograph of the pilot-scale thermal storage prototype built and tested in Biasca, Switzerland. 
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The pressure drop in the packed bed is calculated using the semi-empirical Ergun equation [3]: 
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with 217A , 1.83B   and 0.6\   [4]. The initial and boundary conditions are: 1) The initial solid and fluid 
temperature distributions of the packed bed must be specified (they need not be uniform). 2) The inlet temperature 
and mass flow rate must be specified for all times (they need not be constant). 3) Adiabatic conditions for the fluid 
phase at the outlet. 4) Adiabatic conditions for the solid phase at the inlet and outlet. The governing equations are 
solved numerically using first-order forward difference in time, backward difference in space for the first 
derivatives, and second-order central difference in space for the second derivatives. Numerical stability is ensured 
by the Courant-Friedrichs-Lewy condition [5] in the fluid and solid phases. Temperature-dependent fluid data is 
taken from Ref. [6]. Solid thermo-physical properties were experimentally measured.  
 
Experimental validation — An experimental run consisting of a charging time of 110 hours was carried out to 
validate the numerical model. The maximum Biot number was 0.18, justifying the assumption of uniform 
intraparticle temperature. Good agreement was obtained between the numerically modeled and the experimentally 
measured temperature profiles across the packed bed. The thermal capacity, defined as the total energy stored in the 
packed bed when charged from ambient temperature to isothermal conditions at the inlet air flow temperature of 
650°C, was 6.5 MWhth. An input energy of 3.1 MWhth was fed to the storage. The simulations indicate that 86% 
was stored in the packed bed while 10.2% was lost through the lateral walls and 3.1% through the cover because of 
poor insulation and the relatively small volume-to-surface ratio of the tank. The energy lost through the bottom and 
the energy flowing out of the storage from the bottom summed to 0.7% of the input energy. 
4. Industrial-scale TES unit 
The validated simulation model is applied in the design of an industrial-scale TES unit for a CSP plant located in 
Ait Baha, Morocco. The CSP plant delivers 3 MW of thermal power to an organic Rankine cycle for electric power 
generation. Simulations are performed for the month of May, which has the highest monthly DNI. The dimensions 
and operating conditions of the storage unit are listed in Table 1. The scheme and photograph of the TES unit is 
shown in Fig. 2. The thermal capacity, defined as the energy stored in the packed bed when charged from ambient 
temperature to isothermal conditions at the inlet flow temperature of 640°C, is 100 MWhth. 
The charging efficiency is defined as the ratio of the energy stored in the rocks at the end of the cycle to the net 
input and pumping energy: 
 
 ,
 
 
Stored
Charging
Net Input Pump Charging
E
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K     (4) 
where  Net Input Input outflowE E E   and 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 ' '¦ , considering the Rankine cycle 
efficiency to produce electricity. The discharging efficiency is defined as the fraction of the recovered energy during 
the discharging phase to the stored and pumping energy:  
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(5) 
The overall cycle efficiency of the TES is hence: 
 
Overall Charging DischargingK K K  (6) 
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The fractions of the cyclic thermal losses are defined as: 
 
 , 
 
 WallLoss CycleWallLoss
Net Input
E
f
E
  (7) 
 ,
 
 CoverLoss CycleCoverLoss
Net Input
E
f
E
  (8) 
 ,
 
 BottomLoss CycleBottomLoss
Net Input
E
f
E
  (9) 
 
 
 
       Table 1. Dimension and operating conditions of the industrial TES unit 
Inner Dimensions of Tank  
rtop [m] 6 
rbottom [m] 5 
Height [m] 4 
  
Insulation Microtherm®/Foamglas® 
Lid [m]/[m] 0.025/0.6 
Lateral walls [m]/[m] Variable 0-0.16/0.6 
Bottom [m]/[m] 0/0 
  
dp [m] 0.03 
  
chargingm  [kg/s] 1.716 
dischargingm  [kg/s] 4.058 
  
Operating conditions  
tcharging [h] 10 
tdischarging [h] 4.5 
Tidle [h] 9.5 
Tcharging [°C] 640 
Tdischarging [°C] 280 
  
fanK  0.95 
RankineK  0.35 
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The cyclic energy flows and the final outflow temperature (top) at the end of discharging as a function of cycle 
number are plotted in Fig. 3. Due to the lack of insulation on the bottom and the elevated discharging temperature of 
280°C, the bottom losses are larger than the cover and wall losses. However, since the temperatures at the top and 
bottom are not varying significantly with time, the cover and bottom losses remain nearly constant throughout the 
cycles, while the lateral wall losses increase due to the increase of average storage temperature. The sum of the 
thermal losses remains below 3.5% of the input energy. Although the outlet temperature at the end of the 
discharging phase drops to 420°C for the first cycle, it increases with every cycle and remains above 550°C as the 
storage approaches steady cyclic behaviour. During the cyclic operation, the overall efficiency increases from 58% 
to 89%. 
 
Fig. 2. Scheme and photograph of the TES unit in Ait Baha, Morocco during construction 
 
Fig. 3. Cyclic energy flows and final outflow temperature (top) at the end of discharging as a function of cycle number for a TES unit of a 3 
MWth CSP plant. Dimensions and operating conditions are given in Table 1. 
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5. Summary & conclusions 
A pilot-scale TES based on a packed bed of rocks with air as working fluid was built, tested, and modelled. A 
dynamic numerical heat-transfer model that solves the unsteady energy equations for the fluid and solid phases was 
developed and experimentally validated. The model was applied in the scale-up design of an industrial 100 MWhth 
TES for a 3 MWth CSP plant. The overall thermal losses remain below 3.5% of the input energy, the outflow 
temperature during the discharging remains above 550 °C, and the overall thermal efficiency reached 89% as the 
TES operation approaches steady cyclic behaviour. 
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